Background
In patients with COPD, double-blind, randomized controlled trials (RCTs) conducted over 6-12 months are regarded as the most rigorous way to evaluate the efficacy of treatments for symptomatic benefit and/or prevention of future risks, such as exacerbations. 1 These trials often show significant treatment effects compared with placebo, but differences between active treatment arms may only be seen when data are pooled or larger studies conducted. [2] [3] [4] A consistent finding in RCTs in COPD patients is a high
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eriksson et al rate of discontinuation, ranging from 27% to 53%, 5 especially among those with more severe disease. Furthermore, discontinuation occurs early in a trial 6, 7 and correlates with disease severity. 8 This should not cause a major problem when interpreting RCTs, provided that discontinuation is a random phenomenon between the interventions studied. However, the power calculation for the primary variable needs to compensate for this effect, as the loss of information over time may impact the ability of the study to confidently identify or exclude a treatment effect. A particular problem arises when differential dropout between study arms occurs on top of evenly distributed random discontinuations. The net effect can lead to potential bias in favor of a weaker treatment, if the sicker people in that arm are lost during follow-up. 9 In this report, we investigate the impact of both disease severity and study duration on COPD exacerbations in double-blind RCTs. A secondary objective was to better understand the impact of premature discontinuations, on exacerbation frequency and treatment effect in relation to disease severity and study duration. A large data set from three RCTs [10] [11] [12] was interrogated as the basis for these analyses.
Methods study design and patient population
We analyzed data from three double-blind, randomized, double-dummy, parallel-group, placebo-controlled, multicenter clinical trials of 6 (NCT00206154 12 ) and 12 months duration (NCT00206167 10 and NCT00419744
11
). The efficacy of budesonide/formoterol 320/9 µg and formoterol 9 µg (two inhalations twice daily) (AstraZeneca, Mölndal, Sweden) was compared in patients with COPD. Salbutamol (albuterol) was allowed as reliever medication during screening, run-in, and throughout all studies. All studies were conducted in accordance with the Declaration of Helsinki, Good Clinical Practice guidelines, and applicable regulatory requirements; all patients gave written, informed consent. These previously published trials were conducted in 237 sites in the USA, Europe, and Mexico; 10 180 sites in the USA, Central and South America, and South Africa; 11 and 194 centers in the USA, Czech Republic, the Netherlands, Poland, and South Africa. 12 Ethical approval was provided in all countries by local Independent Ethics Committees at the time when the studies were first conducted, and details have previously been published. [10] [11] [12] The study inclusion criteria were similar: smokers or ex-smokers with a smoking history of $10 pack-years; pre-bronchodilator forced expiratory volume in 1 second (FEV 1 ) #50% predicted; pre-bronchodilator FEV 1 /forced vital capacity (FVC) ratio ,70%; age $40 years; COPD with a history of $1 COPD exacerbation requiring treatment with a course of systemic corticosteroids, antibiotics, or both 1-12 months prior to screening; and a modified Medical Research Council dyspnea score of $2.
COPD severity and study duration
The impact of disease severity on exacerbation and dropout was assessed by stratifying patients by lung function -moderate, severe, and very severe -according to GOLD recommended criteria. 13 Study duration was evaluated by censoring data after 1, 2, 3 months, etc., up to 12 months, thereby generating 12 subanalyses of increasing duration.
exacerbation as an endpoint
Our primary outcome was the impact of study duration and disease severity on exacerbations. A COPD exacerbation was defined as a worsening of COPD symptoms requiring treatment with oral corticosteroids and/or hospitalization. Exacerbations were recorded by patients in diary cards and confirmed at a clinic visit by study investigators/coordinators.
Discontinuation as an endpoint
All discontinuations, irrespective of the reason, were summarized by treatment. Individual reasons for discontinuations were also assessed for each treatment: failure to fulfill eligibility criteria, adverse event, withdrawal of consent (voluntary discontinuation by patient), lost to follow-up, and others.
exploratory endpoints
We investigated at which month(s) of follow-up the differential dropout peaked by conditional probability of dropout (CPDo), that is, the number of discontinuations in a month divided by the number of patients entering the defined month. A composite of exacerbation and discontinuation (ExDo) was created to evaluate whether early discontinuation could compensate for the loss of treatment effect on exacerbations over time due to early differential dropout.
statistical analyses
Analyses were performed for the overall patient population and the COPD severity subgroups -moderate, severe, and very severe. The impact of study duration was analyzed cumulatively for 0-1, 0-2, 0-3, etc., up to 0-12 months of duration, that is, data after the defined study duration were censored. As one trial 12 had shorter study duration, these data were censored at 6 months. Differences in rates were analyzed using Poisson regression with study as a factor. Time-to-first events (exacerbation, discontinuations, and ExDo) were analyzed 
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effect of COPD severity and study duration on exacerbation outcome using Cox-regression analysis with study as a factor. Rate ratios (RRs) and hazard ratios (HRs) with 95% confidence intervals and P-values were provided. Treatment-related differences (RR and HR) were expressed as percentage reduction in exacerbations. CPDo was summarized descriptively up to 6 months. Analyses used standard statistical software (SAS v9.2; SAS Institute, Inc., Cary, NC, USA).
Results
Demographics and baseline characteristics
Overall, 2,345 COPD patients (mean age: 63 years; 63% male) were included in the analysis. Demographics and baseline characteristics for all patients, according to disease severity, are shown in Table 1 . Studies included (mean) 17% moderate, 57% severe, and 26% very severe COPD patients according to GOLD FEV 1 severity stage ( Table 1) .
effect of study duration and disease severity on exacerbation exacerbations in all patients Exacerbation rates per treatment were higher with longer study duration and more so with formoterol (RR =0.86 at 12 months) than with budesonide/formoterol (RR =0.63 at 12 months) ( Figure 1A ).
annualized exacerbation rates (aers) per treatment
In patients treated with budesonide/formoterol, the AERs for each study duration period were comparable irrespective of study duration (RR ≈0.6 exacerbation per patient and year). In the formoterol arm, the AER decreased from RR =1.20 to RR =0.86 (a 28% reduction) over the 12-month period ( Figure 1B ; Table S1 ).
relative treatment difference in exacerbation rate
The differences between treatments in the exacerbation rates decreased with longer study duration. The reduction in favor of budesonide/formoterol was 45%-48% for shorter study durations (#4 months) and 27% for a study duration of 12 months ( Figure 1C ; Table S2 ).
Relative treatment difference in time-to-first exacerbation
The reductions in the risk of a first exacerbation between treatments were 40%-47% for shorter study durations (#4 months). Thereafter, the difference between treatments in time-to-first exacerbation decreased to 21% at 12 months ( Figure 1D ; Table S3 ).
exacerbations in moderate, severe, and very severe COPD Exacerbation rates per treatment were higher in more severe patients and more so with formoterol (RR =0.64, RR =0.81, and RR =1.17 exacerbations per patient and 12 months for moderate, severe, and very severe, respectively) than with budesonide/formoterol (RR =0.39, RR =0.57, and RR =0.91, respectively) ( Figure S1 ).
aers per treatment
In patients treated with budesonide/formoterol, the AERs did not change over time for the three severity groups, though the RR levels differed with disease severity (RR ≈0.45, RR ≈0.55, and RR ≈0.90 exacerbations per patient and year for moderate, severe, and very severe, respectively). In patients treated with formoterol, the AERs decreased over time and more so for more severe disease. The RRs for decrease in AERs from 1-12 months were 0.84-0.64 
relative treatment difference in exacerbation rate
The exacerbation rate reduction of budesonide/formoterol versus formoterol over the first 4 months was similar across studies in moderate, severe, and very severe patients, ranging between 39% and 51% ( Figure 2A ; Table S2 ).
In patients with moderate COPD, the initial difference in exacerbation rates (39%-50%) was generally maintained for all study durations up to 12 months. However, in the severe and very severe COPD groups, the initial effect (ranging between 41% and 51%) decreased to 29% and 22% at 12 months, respectively.
Relative treatment difference in time-to-first exacerbation
Differences in time-to-first exacerbation between treatments were similar for moderate, severe, and very severe disease when study duration was short (#4 months), ranging from 38% to 49% ( Figure 2B ). Thereafter, the differences decreased for all three disease severities, with a trend for greater decrease in difference with increasing disease severity (-25% [P=0.14], -23% [P,0.01], and -18% [P=0.12]) for moderate, severe, and very severe, respectively (Table S3 ).
Discontinuation and differential dropout all discontinuations per study and treatment
The percentage of discontinuations was lower for budesonide/ formoterol than for formoterol alone. The difference in favor 
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effect of COPD severity and study duration on exacerbation outcome of the budesonide/formoterol was 4.2% and 4.7% units in the two 12-month studies and 7.4% units in the 6-month study (Table 3) .
reason for discontinuations per treatment
Adverse event and withdrawal of consent were the two dominating reasons for discontinuations and differential dropout.
More patients discontinued on formoterol than budesonide/ formoterol due to adverse events (2.4% units) and withdrawal of consent (2.0% units) ( Table 4 ).
CPDo
Discontinuations were higher for formoterol-treated patients than for budesonide/formoterol-treated patients 
Discontinuations
In all patients, the time-to-discontinuation was significantly shorter with formoterol than with budesonide/formoterol from 2 to 12 months. This treatment difference decreased with study duration (35%, 30%, 26%, and 22% at 3, 6, 9, and 12 months, respectively). We observed a similar pattern with moderate and severe COPD, moving from treatment differences of 32% and 34% at 3 months to 15% at 12 months. In patients with moderate disease, no significant difference between treatments could be detected, whereas in patients with severe COPD, there was a statistically significant difference in time-to-first discontinuation at 3-, 4-, 5-, and 6-month study durations in favor of the budesonide/formoterol group. The very severe group showed, however, significant treatment difference from 3 to 12 months. This treatment difference was high over the whole study duration (34%-38% from 3 to 12 months) ( Figure 4 ; Table S4 ).
Composite of exDo
ExDo, the composite of exacerbations and discontinuations, increased the number of events over that of exacerbations alone, both in all patients and in all three severity groups. ExDo also showed more consistent results in more severe COPD, where the differential dropout was more prominent. For example, the relative treatment difference in time-toexacerbation was 18%-19% and not significant in analyses of 7-to 12-month study durations, whereas relative treatment difference in time-to-ExDo was significant for all these study durations with a 21%-23% difference in favor of budesonide/ formoterol (Table 5) .
Discussion
Our results demonstrate that both disease severity and study duration influence exacerbation outcomes in double-blind RCTs in COPD. This effect is particularly apparent in patients with severe/very severe COPD and in studies that are longer than 4 months' duration, where early differential dropout resulted in a "healthy survivor effect". This effect changed the composition of the study groups and tended to reduce the effect of therapy over time.
The impact of differential dropout on long-term efficacy outcomes in COPD has been recognized as a potential source of bias, and several studies have highlighted this problem. 7, 8, 14, 15 These studies had all a follow-up of 3-4 years. However, the consequences for shorter term studies (#12 months), a commonly used study design in phases II-III and for regulatory purposes, has not been formally investigated. This retrospective analysis of moderate-to-very-severe COPD in three RCTs 10-12 of 6-12 months' duration showed over time a marked loss in exacerbation difference between the two treatments: budesonide/formoterol and formoterol. This loss of treatment difference was increased by study duration and in more severe COPD, but these effects were almost negligible in moderate COPD. Of importance, the time-tofirst exacerbation was more impacted than exacerbation rates, 
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effect of COPD severity and study duration on exacerbation outcome and the differential dropout preceded the loss of treatment effect on exacerbations. We believe these results will further raise the awareness of how important study methodology, selection of patients, and calculation of sample size are in exacerbation studies.
In the budesonide/formoterol treatment arm, the AERs were similar for shorter and longer study durations, whereas they decreased over time with monotherapy formoterol, indicating differential effects of these treatments. Our shorter term data support those of Vestbo et al, 7 reporting that differential withdrawal over a 3-year period resulted in a reduction in AERs from 6.8 to 0.9 in placebo and from 3.0 to 0.8 with salmeterol/fluticasone. These data together, showing a decrease in AERs over time, indicate that weaker treatments may lose more patients over time, who are more exacerbation prone than those in the more active comparator arm. We demonstrate that this effect can already be seen during the first 6 months in very severe patients.
The analyses of the relative treatment difference in exacerbation rate also demonstrate this time-dependent effect. In the whole population, this was already evident after .4 months' study duration. A 45%-48% difference in studies of short duration was reduced to 27%-29% in the studies over 9-12 months. The time-to-first exacerbation analyses showed similar results, with a treatment difference being 40%-47% in the first 3 months, decreasing to 21%-22% in months 9-12. The most likely explanation for the decrease in relative treatment difference is that the more severe patients randomized to formoterol are more vulnerable to early discontinuation than similarly severe patients in the budesonide/formoterol arm. These data may also explain why a 3-month study by Welte et al 16 could show a 60% treatment difference between budesonide/formoterol and placebo and importantly with no differential dropout.
The impact of COPD severity on exacerbation outcomes has been investigated in many studies, but two studies specifically addressed the moderate, severe, and very severe COPD subgroups. 15, 17 Our approach extends their work by showing that the impact on exacerbations occurs early (#12 months). In the three severity groups, we found that the AERs for the two treatments were consistent with those from the whole group, that is, budesonide/formoterol showed constant values over time irrespective of severity, whereas formoterol treatment was accompanied by a reduction in annualized exacerbations over time and with increased severity. As a consequence, the treatment differences with respect to the exacerbation rate decreased over time and with severity. These data support the assumption that more severe and unstable patients discontinue earlier in a treatment arm, where efficacy is not sufficient for the severity stage. The severity of COPD had less (or minimal) impact on studies with shorter duration (#4 months), while it was marked in studies beyond 5-6 months, and in studies involving patients with severe and very severe COPD. For these patients, the treatment effect decreased over time, from 41%-51% for shorter durations to 29% and 22%, respectively, at 12 months' duration. However, the treatment difference in moderate disease remained unaffected over time (about 40%-45% difference in favor of budesonide/ formoterol). The results from the time-to-first exacerbation in the three severity groups paralleled our findings from the whole group. However, this statistical method seemed to be less powerful and sensitive to disease severity than using exacerbation rates. For example, the moderate severity group showed loss in effect over time for time-to-first exacerbation (but not with exacerbation rate) and the very severe group showed an initial significant difference in effect, whereas the effect was nonsignificant in study durations of 6-12 months (but not with exacerbation rate). Similar findings with time-to-first exacerbation analyses have been observed in corticosteroid withdrawal studies 18 and may reflect a greater likelihood of frequent exacerbators to drop out early.
As expected, discontinuations in COPD studies were high, especially as our patients predominantly had severe-to-verysevere COPD. We also found a higher discontinuation in the formoterol group, likely related to more treatment failures and/or more long-acting beta agonist (LABA)-related adverse events in the LABA-only group. As both groups used LABA and general adverse events were similar, it can be speculated that the differential dropout is related to a weaker effect of LABA alone. Two explanations predominated as causes of differential dropout: adverse event and withdrawal of informed consent. Both may be due to disease worsening or perceived lack of benefit. By comparison, reasons such as eligibility for the study, loss to follow-up, and "others" were more comparable between treatments.
To understand the time course of the differential dropout, we performed an exploratory analysis, investigating conditional probability to dropout (CPDo) at a certain month. The all-patient analysis showed that fewer patients discontinued during months 2, 3, and 4 on budesonide/ formoterol compared with formoterol alone. In the very severe group, a clear difference in discontinuation frequency was seen during months 2-5. Though the group with moderate COPD also indicated a difference, the lower number of discontinuations due to less severe disease and longer time in the study made interpretation difficult. The analysis of time-to-first discontinuations showed a large difference between active and less active treatment in study durations of 2-4 months (~35%). Thereafter, the difference between treatments for all patients, moderate and severe COPD decreased with longer study durations (15%-20% for studies $9 months), indicating a decrease in differential dropout over time. The very severe COPD group showed a different pattern with a high difference between treatments, irrespective of study duration (38%-34%). These analyses support the CPDo data that the differential dropout effects appear early and before the change of treatment differences in exacerbations are noted. In addition, and in line with CPDo, the impact is more pronounced and longer lasting in very severe COPD.
This post hoc analysis has some limitations. Patient numbers across the three severity groups comprised a skewed distribution, due to the original studies not being designed around severities; the limited number of patients in the moderate COPD group (n=408) may have affected analysis, especially when compared to the severe COPD group (n=1,325); patients included in the original trials had a history of $1 COPD exacerbation in the previous year so our results are not generalizable to all patients with COPD. The present analysis only investigated the addition of budesonide to formoterol, and our results should, therefore, be validated with other drug classes. Finally, analyses such as the one presented cannot be generalized to differential dropout due to differences in side-effect profiles.
In conclusion, our data indicate that the relative treatment differences in exacerbation rates over a whole study can vary by threefold. As the benefit of an effective intervention may be underestimated in longer studies, this may have implications for drug development. Our data highlight the importance of study design, patient selection, and study duration, and show that subtle differences in these parameters can make comparisons between studies challenging and questionable. Future studies of new agents designed to modify exacerbation outcomes in COPD may benefit from adopting a shorter focused design, which minimizes the effect of differential dropout, an approach already shown to be effective in clinical trials of COPD. Notes: Data are presented as reduction in time-to-first exacerbation and 95% confidence intervals. *P,0.05; **P,0.005; ***P,0.0001.
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